Coordination of the ligand bapbpy (1) or of one of its derivatives (2-8) to Fe(NCSe) 2 afforded eight new iron(II) compounds of the type [Fe(R 2 bapbpy)(NCSe) 2 ] (9-16). Compounds 11, 13, and 16 were structurally characterized by single crystal X-ray diffraction. The crystal structures of these compounds revealed packing and intermolecular interactions similar to their thiocyanate analogues. Magnetic susceptibility measurements were carried out for all iron compounds and revealed thermal spin-crossover (SCO) behaviour for compounds 9, 11, 13, 15 and 16. Compounds 11, 13, 15 and 16, indeed show the expected increase in the transition temperature T 1/2 of the SCO upon replacement of
Introduction
There is a large scientific and technological interest in finding new molecular switches, as they might be used in the building of nano-sized gas sensors, 1, 2 temperature sensors, 3 electronic information processing devices, and data storage devices. 4, 5 Spincrossover (SCO) iron(II) complexes are typical prototypes of molecular switches, 6, 7 as they transit between the low spin (LS) and high spin (HS) states upon temperature or pressure variations, upon light irradiation, or under the influence of strong magnetic or electric fields. 8 Next to the temperature at which the SCO occurs, the cooperativity of the transition is an important aspect of SCO that is the result of short-and long-range intermolecular interactions in the crystal lattice. However, it still remains very challenging to design SCO materials featuring predefined properties, e.g., with cooperative SCO transitions occurring near room temperature.
The thermal SCO phenomenon is usually rationalized within the frame of the ligand field theory. 9 In this model a better ligand set around the metal ion generates a higher ligand field splitting (hereafter, LFS), as a result of which the LS state should be favoured and hence the transition temperature T 1/2 of the SCO compound should be higher. Within the widely used series of cyanate-derived ligands NCX -(X=O, S, Se) selenocyanate ligands must increase the LFS compared to thiocyanates because the less electronegative selenium atom removes less electron density from the nitrogen atom than sulfur, thus resulting in a stronger ligand field for N-bound metal complexes. Consistently, from the first studies on the classical systems [Fe(L) 2 (NCX) 2 ] (where L = phen or 2,2'-bipy and X = S, Se), [10] [11] [12] to the more recent examples based on the 1,2,4-triazole ligand, 13, 14 it has been shown that with the increase of the LFS along the NCX -spectrochemical series, the T 1/2 indeed shifts towards higher temperatures. However, in these examples the effect on cooperativity has not been rationalized due to either single crystal structures that were not always available or to the involvement of solvent molecules in the crystal lattice, which led to a lack of information on changes in supramolecular interactions involving the Se vs. S atom replacement.
Recently we reported the two-step mononuclear SCO compound [Fe(bapbpy) 2 ] allowed for increasing the transition temperature of the SCO near to room temperature, but at the cost of cooperativity (Chapter 2). 16 Designing SCO materials is notoriously difficult and minor chemical changes of the ligands lead, via small differences in the crystal lattice of the iron complex, to significant changes in the SCO properties. We considered replacing the NCS -ligands in [Fe(R 2 bapbpy)(NCS) 2 ] complexes by NCSe -, to increase the LFS while hopefully maintaining the overall crystal packing. Last but not least, with new SCO compounds added to the [Fe(R 2 bapbpy)(NCX) 2 ] family we intend to deepen our understanding of the structure-function relationship for bapbpy-based iron(II) compounds, which may represent one step further towards the "rational design" of mononuclear SCO compounds.
Scheme 4.1. Ligand bapbpy 1 and its derivatives 2-8.
Results

Synthesis of the complexes
The ligand bapbpy (1) and seven derivatives 2-8 were synthesized by palladiumcatalyzed Buchward-Hartwig cross-coupling between 6,6'-dibromo-2,2'-bipyridines and different arylamines (see Chapter 2). 15, 16 Coordination of these ligands to iron(II) selenocyanate was achieved using three different methods, hereafter called methods a-c. Method a has been previously described (see Chapter 2 and reference 15) and consists in impregnating a methanolic suspension of the ligand by a methanol solution of Fe(NCSe) 2 . The advantage of this method is that the materials are obtained in high yields (> 80%). Its disadvantage is that the materials may contain variable amounts of the free ligand, as indicated by the inconsistency between the calculated and experimental values found by elemental analyses. In method b the ligand was first dissolved in DMF, before addition of 1.1 eq. of Fe(NCSe) 2 as a methanolic solution without stirring. Because the metal compounds are poorly soluble in pure methanol, their solubility is lowered as methanol slowly diffuses into the DMF solution, leading to precipitation of the complexes. This method usually results in a higher chemical purity compared to method a, unless the starting ligand is poorly soluble in DMF. Finally, method c is similar to method b, but methanol diffusion is slowed down to obtain single crystals of the iron compounds, whereas both methods a and b produce polycrystalline powders. In this work, compounds 9a-16a were synthesized via method a, and compounds 9b, 11b, 13b, 15b were synthesized by method b. Compounds 10b, 12b, 14b and 16b could not be obtained due to the low solubility or rapid precipitation of the ligands 2, 4, 6 and 8 in DMF, respectively. Finally, three ligands led to the formation of single crystals of 11c, 13c and 16c suitable for X-ray diffraction.
All new materials were analyzed with IR spectroscopy and mass spectrometry. The expected [Fe(R 2 bapbpy)(NCSe)] + monocationic peak was found by electron-spray mass spectrometry (calculated at m/z 502 for 9, 530 for 10-13, and 602 for 14-16; see Table 4 .1), which confirmed coordination of the ligands to Fe(II). Consistently, the IR spectra of the thirteen solids showed the characteristic stretching vibrations of the coordinated selenocyanate ligands in the range 2060 to 2100 cm −1 ( , which is not present in the infrared spectrum of 9a. This absorption band is most likely due to the presence of DMF molecules in the crystal lattice of 9b. Elemental analyses indeed account for two DMF molecules per iron complex in the crystal lattice of 9b, whereas compounds 11b, 13b, and 15b do not have any lattice solvent molecule. 
Single crystal and powder X-ray diffraction studies
Single crystals of compounds 11, 13 and 16 suitable for X-ray structure determination were obtained via method c. A mixture of dark orange and dark red crystals was obtained for compound 11. X-ray structure determination showed that the dark red crystals are solvent free (compound 11c), whereas the dark orange crystals (compound 11c') contain one methanol molecule per iron complex. When crystals of 11c were flash cooled to 110 K, crystal damage occurred that was too significant to collect a full data set, most likely due to a phase transition occurring between 200 and 110 K. Thus, the structure of 11c was determined at 200 K only. The structure of the solvated compound [Fe(3)(NCSe) 2 ]·MeOH (11c') could be determined at 110 K as no crystal damage occurred upon cooling. Dark red and almost black single crystals of compounds 13c and 16c, respectively, were also obtained. X-ray structure determination showed that the crystal lattices of both 13c and 16c are solvent free. The structure of 13c was determined both at 110 and 300 K since no significant loss of crystallinity occurred upon cooling. The structure of 16c was only determined at 110 K, since the temperature of the HS state is too high for collecting data with the temperature controller that was used for single crystal X-ray crystallography. The crystal structures of 11c, 11c', 13c and 16c are shown in Figure 4 .1. In all cases, the tetradentate R 2 bapbpy ligand was found coordinated to iron(II) in the basal plane, leaving the two selenocyanate ligands in trans positions of the octahedron (Figure 4 .1).
Selected bond lengths and angles are provided in Table 4 (Table 4. 2), which is comparable to the molecular conformation found for the solvent-free compound 11c. The compounds 13c and 16c crystallized in the centrosymmetric C2/c space group, and the iron complexes are found at two fold rotation axes. For compound 13c, the average Fe-N bond length was found to be 1.96 Å at 102 (2) (2) 110 (2) 300 (2) 102 (2) 110 (2 (9) N1-Fe-N6 115.48 (7) 113.04 (7) N3-Fe1-N3 78.82 (9) 82.68 (7) 82.98 (9) N3-Fe1-N1 85.43 (7) 86.60 (7) N3-Fe1-N4 82.8(1) 83.54 (8) 84.0 (1) N4-Fe1-N3 77.15 (7) 77.51 (7) N1-N3-N3-N1 18.11(1) 13 .97(8) -16.38 (9) N6-Fe1-N4 85.20 (7) 85.62 (7) N1-N3-N4-N6 -23.52 (8) The second set of intermolecular interactions is caused by π-π stacking between the terminal pyridine rings of two adjacent molecules. The centroid-centroid distance is 4.074(12) Å for compound 11c at 200 K, while the corresponding distance is 3.846(2) Å and 3.818(6) Å for 13c at 300 K and 102 K, respectively. For compound 16c, each ring of the bipyridine fragment is involved in π-π stacking with the two fused aromatic rings of the isoquinoline groups of the neighbouring molecules, with centroid-centroid distances of 3.757(16) Å and 3.858(16) Å. Overall, π-π stacking interactions are weak but similar within this family of compounds (11c, 13c, and 16c). In summary, compound 11c shows stronger hydrogen bonding interactions than 13c and 16c, and therefore it is expected to show higher cooperativity -if it happens to have SCO properties. 2 ].2DMF are known to form depending on the crystallization conditions. 17 Thus, molecular characterization methods are not enough, and the influence of the sample preparation method on the structural phase and purity of compounds 9, 11, 13, 15, and 16 was studied by powder X-ray diffraction (PXRD). The powder diffractograms for compounds 9a, 9b ( were measured at room temperature and compared to calculated diffractograms from the available crystal structures. For compounds 11, 13, and 15 the experimental (11a vs. 11b, 13a vs. 13b, and 15a vs. 15b) and calculated (11c or 13c) powder diffractograms show no major differences, thus demonstrating that for ligands 3, 5, and 7 all preparation methods lead to the same chemical compound. For compound 16a, the powder diffractogram was measured at both 110 K and 300 K (Figure 4.3) . The diffractogram of 16a at 300 K shows some significant changes compared to 110 K, for example, a single peak at 2θ  17.3° (triangles in Figure 4 .3) at 300 K turns to two close peaks at low temperatures; and two peaks at 2θ  22.6° becomes a single peak at 110 K (stars). These changes suggest that the compound is undergoing a phase transition upon cooling. In addition, there were no major differences between the calculated spectrum from the crystal structure of 16c (LS phase) and the measured diffractogram of 16a at 110 K, which concluded that compounds 16a and 16c are identical materials.
In contrast, comparison of the experimental X-ray powder diffractograms of compounds 9a and 9b at room temperature clearly shows different structures ( Figure   4 .3). The major differences are: (i) the intense reflection at 2θ  21.5° for compound 9a, 15 (also prepared via method a), which shows that for the bapbpy complex changing the thiocyanate ligands to selenocyanates leads to a change of the structure of the material. Unfortunately, all efforts to grow single crystals of 9c were unsuccessful. In conclusion, PXRD indicate that for compounds 11, 13, 15, and 16, the different methods of preparation produce the same material, whereas for compound 9 materials prepared by methods a and b show different structures. 2 ] at room temperature prepared by method a. 15 Right: of compound 16a at 300 K, and 110 K, to that of the calculated from the single X-ray structure of compound 16c at 110 K.
Magnetic susceptibility measurements
Magnetic susceptibility measurements were carried out to investigate the SCO properties of compounds 9 to 16 as shown by χ M T vs. T plots in Figure 4 .4 (χ M stands for the molar magnetic susceptibility and T the temperature The magnetic susceptibility measurements of the SCO compounds 11b, 13b, and 15b, were essentially similar to that of 11a, 13a, and 15a, which confirmed that the materials obtained by method a or b were similar for ligands 3, 5, and 7 ( Figure 4.4) . Minor variation in the transition temperatures ( 
DSC measurements
Calorimetric measurements on SCO compounds provide important thermodynamic parameters such as the enthalpy and entropy variations accompanying a spin transition, the transition temperature, and they provide indications on the order of the transition. Thus, the molar heat capacities at constant pressure C p , were measured for compounds 9a, 11a, 13a, 15a, 15b and 16a, by differential scanning calorimetry (DSC, see Figure  4 .5). Compounds 15a and 15b are the same material, but 15b is higher in purity therefore DSC data are shown for 15b only. The excess heat capacity, ∆C p , due to the spin crossover in the above-mentioned compounds was obtained by estimating normal heat-capacity curve with the high-and low-temperature data, which are shown as dashed lines in Figure 4 .5, and subtracting it from the total heat capacity (Figure 4 .6).
In this estimation, no heat-capacity step at the transition temperature was considered. Compound 9a showed a broad heat capacity anomaly between 150 and 300 K, culminating at 200 K. This temperature matches well with that determined by the magnetic susceptibility measurements (T 1/2 = 195(4) K). For compound 11a, the DSC measurements were performed in the heating mode only but not in the cooling mode due to the closeness of the transition temperature T 1/2 ↓ to the low temperature limit of the DSC setup (measurements upon cooling can typically be made down to only 120 K). Compound 11a showed a broad heat capacity anomaly between 100 K and 150 K, with a maximum estimated at 125 K, which is slightly lower than that given by magnetic susceptibility measurements (T 1/2 ↑ = 137(4) K). For compound 13a, a very broad heat capacity anomaly is observed between 150 and 300 K, with its maximum estimated at 220 K. This is again consistent with the magnetic susceptibility measurements of 13a, which shows a gradual SCO curve with T 1/2 estimated at about 214(20) K. For compound 15b, DSC measurements in both cooling and heating modes exhibited sharp heat-capacity peaks centred at ca. 146 K and 153 K, respectively. These temperatures are in excellent agreement with the magnetic measurements of 15b. Finally, for compound 16a, a broad heat capacity anomaly was observed between 300 and 450 K, the maximum being at 350 K. Overall, DSC data are in good agreement with the magnetic susceptibility measurements for all tested compounds. As done previously for the thiocyanate series (see Chapter 2), the phenomenological domain model proposed by Sorai 18, 19 was used to quantify and compare the cooperative character of the SCO compounds presented in this chapter, through the number of interacting SCO molecules per domain, n. Thus, the experimental excess heat capacity data were fitted to Eq. 4.1 (full lines in Figure 4 .6), fixing the excess enthalpy due to the SCO, ∆ SCO H, to the value derived experimentally (see Table 4 .5).
The resulting best-fit parameters n and T 1/2 are gathered in 
Discussion
To the best of our knowledge, this work is one of the few comprehensive studies on the systematical replacement of NCS -anion by NCSe -in a family of related SCO compounds. As selenium is less electronegative than sulfur, the LS state of [Fe(R 2 bapbpy)(NCX) 2 ] compounds is expected to be stabilized with X=Se ligands compared to X=S, and the transition temperature of the corresponding SCO compound should increase. However, considering the high sensitivity of the SCO phenomenon to minute changes in the ligand structure (Chapter 2), to the presence of lattice solvent molecules (this Chapter), or to crystallization methods (Chapter 5) , one should first demonstrate that replacing S by Se does not significantly change the chemical nature, i.e., the molecular formula and the crystal structure, of the SCO materials. This is demonstrated in the present work: for ligands 3, 5, and 8, the bis-thiocyanate and bisselenocyanate iron(II) compounds have strikingly similar crystal structures ( Figure  AII .4, Appendix II), and indeed materials 11, 13 and 16 have higher transition temperatures than their thiocyanate analogues (Figure 4.7) , which is consistent with previous studies. 11, 12, [20] [21] [22] [23] The case of ligand 3 is interesting, as the thiocyanate complex did not show any SCO properties whereas replacement of S by Se leads to a SCO compound (11) with a T 1/2 of 125 K. Overall, the substitution of thiocyanate by selenocyanate thus appears as a means to tune the transition temperature of bapbpybased SCO compounds. Compound 9a clearly represents an exception as its SCO is non cooperative whereas the bapbpy ligand has no hindering substituent on the terminal pyridine rings. In this case the replacement of thiocyanate by selenocyanate has a dramatic effect on the magnetic behaviour of the complex, leading to a gradual one-step SCO for 9a, whereas [Fe(bapbpy)(NCS) 2 ] is a two-step hysteretic SCO compound. 15 Such decrease in cooperativity upon replacement of S by Se has been reported previously. 21 However, a direct comparison cannot be made here as the crystal structure of the sulfur and selenium analogues are different according to powder XRD (Figure 4.3) . The changes in cooperativity might be a result of the different crystal structures in this case, rather than of the mere replacement of S by Se. Compound 9a is a typical case showing that subtle changes in the ligands may lead to drastic variations of the SCO properties.
Conclusion
A series of materials of the general formula [Fe(L)(NCSe) 2 ] based on the bapbpy ligand and seven derivatives thereof have been synthesized and structurally characterized. Five new selenocyanate-containing materials 9, 11, 13, 15, and 16 showed SCO behaviour, two being cooperative (11 and 15) whereas the others are noncooperative. The striking structural similarity between the thiocyanate and selenocyanate compounds, and the central position of the chalcogenide atoms in the hydrogen-bonding network responsible for cooperativity, provided a unique opportunity to probing the effect of exchanging the sulfur atoms by selenium on the SCO behaviour of the compounds. For most compounds (11a, 13a, 15a, and 16a) the expected stabilization of the LS state was observed, and 11a even showed SCO whereas its thiocyanate analogue did not. Compound 9a appears as an exception, as its dramatically lower cooperativity compared to the thiocyanate analogue seems to be due to a structural change.
Experimental
General information
All reactions were performed under argon atmosphere using standard Schlenk line techniques. Toluene was dried over sodium and degassed, diethylether was dried over sodium and benzophenone, DMF was dried over CaH 2 . Degassed solvents were obtained by bubbling argon through 50 mL solvent in a Schlenk flask for one hour. For all complex syntheses, degassed solvents were used. The reagent 6,6'-dibromo-2,2'-bipyridine was synthesized in two steps according to the literature, 24 and the syntheses of the bapbpy derivatives 1-8 followed previously described procedures (see Chapter 2). 16 All other reagents obtained from commercial sources were used without further purification.
Filtration of the iron(II) compounds was done on Whatman membrane filters (regenerated cellulose RC55) with 1 µm pores. 1 H NMR and 13 C NMR spectra were recorded at room temperature using a Bruker DPX300 (300 MHz) spectrometer. Chemical shifts are indicated in ppm relative to TMS. Infrared spectra (IR) were taken on a Perkin Elmer FT-IR Spectrometer Paragon 1000 equipped with a Golden Gate ATR device, using the reflectance technique (4000-300 cm were obtained from a Perkin-Elmer 2400 Series II analyzer.
X-ray powder diffraction data were collected on a Philips X'Pert PRO diffractometer equipped with the X'celerator using Cu-Kα radiations. Single crystal X-Ray diffraction data were collected by measure all reflection intensities using a KM4/Xcalibur (detector: Sapphire3) with enhance graphite-monochromated Mo Kα radiation (λ = 0.71073 Å) under the program CrysAlisPro (Version 1.171.35.11 Oxford Diffraction Ltd., 2011). The program CrysAlisPro was used to refine the cell dimensions. Data reduction was done using the program CrysAlisPro. The structure was solved with the program SHELXS-97 25 and was refined on F 2 with SHELXL-97. 25 Analytical numeric absorption corrections based on a multifaceted crystal model were applied using CrysAlisPro. The temperature of the data collection was controlled using the system Cryojet (manufactured by Oxford Instruments). The H atom (except when specified) were placed at calculated positions using the instructions AFIX 43 with isotropic displacement parameters having values 1.2 times
Ueq of the attached C atoms. The H atoms attached to N2 was found from difference
Fourier maps, and its coordinates/isotropic factor were refined freely [the NH distance was restrained to 0.88(3) Å using the DFIX command].
Magnetic susceptibility measurements were performed using a Quantum Design MPMS-5S
SQUID magnetometer for compounds 9a, 10a, 11a, 12a, 13a, 14a, 15a, 9b, 11b, 13b and 15b. In each case, the 10-20 mg sample was mounted on a plastic straw before introduction in the magnetometer. DC magnetization measurements were performed in a field of 0.1 T, from 300 to 5 K (cooling mode) and from 5 to 300 K (heating mode) with a rate of 0.3 to 1.1 K min −1
. The total measuring time for each sample was 20 h. Compound 16a was measured using a Quantum Design MPMS-XL magnetometer at the Physical Measurements unit of the Servico de Apoyo a la Investigación-SAI, Universidad de Zaragoza. The measurements in the range 300-500 K were performed with the oven option.
For these the powder sample (15.25 mg) was mounted in a piece of Al foil (22.66 mg) that was folded in a round shape, and held/trapped into the knot formed by 4 constantan fibres.
Corrections for the sample holder assemblies were applied, as well as corrections for the diamagnetism of the sample, calculated using Pascal's constants. 26 Heat capacities were obtained by use of a differential scanning calorimeter Q1000 with the LNCS accessory from TA Instruments. The temperature and enthalpy scales were calibrated with a standard sample of indium, using its melting transition (156.6 °C, 3296 J mol −1
). The measurements were carried out using 6 to 13 mg of samples sealed in aluminium pans with mechanical crimp, with an empty pan as reference. The zero-heat flow procedure described by TA Instruments was followed, using as reference compound a synthetic sapphire. Using this procedure, an overall accuracy of ca. 0.2 K in temperature and up to 5 to 10% in the heat capacity is estimated over the whole temperature range. excess MeOH was carefully layered on top of the DMF solution, to obtain a precipitate the next day. In all cases, the excess solution was removed by canula, and the solid was thoroughly washed with methanol, dried under high vacuum for 3 h to obtain compounds 9b, 11b, 13b or 15b.
Preparations of iron(II) complexes
During the synthesis of compounds 10b, 12b, and 14b, no solid appeared overnight after addition of Fe(NCSe) 2 . However with addition of excess MeOH (20 mL), solids appeared within 3 days. In each case, the IR spectrum was identical to that of free ligand 2, 4, and 6, respectively. Compound 16b could not be prepared since ligand 8 has very low solubility in DMF, even when heated. 2 ]·MeOH (11c and 11c'): Two types of single crystals were obtained upon using method c, with a total yield of 51%. 
